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Pneumocystis jirovecii pneumonia (PCP) is an important cause of morbidity and mortality in immunocom-
promised patients. Sulfa-containing drugs are used for the treatment and prophylaxis of PCP. Mutations in the
P. jirovecii fas gene, which encodes dihydropteroate synthase (DHPS), are associated with prior exposure to
sulfa drugs, and their appearance suggests the emergence of variants with reduced sulfa susceptibility. The
present study examined the prevalence of DHPS mutations in P. jirovecii strains isolated from South African
patients with PCP. P. jirovecii infection was investigated by immunofluorescence microscopy and quantitative
real-time PCR with respiratory specimens from 712 patients (93% of whom were >15 years of age) with
suspected PCP consecutively received for the detection of P. jirovecii over 1 year. PCR amplification and
sequencing of the DHPS fas gene was attempted with DNA from the P. jirovecii-positive samples. P. jirovecii
infection was confirmed by immunofluorescence microscopy in 168/712 (24%) of the patients. Carriage of the
fungus was revealed by real-time PCR in 17% of the patients with negative microscopy results. The P. jirovecii
fas gene was successfully amplified from specimens from 151 patients and sequenced. Mutations resulting in
the Thr55Ala and/or Pro57Ser amino acid substitution were detected in P. jirovecii strains from 85/151 (56%)
patients. The high frequency of PCP episodes with P. jirovecii harboring DHPS mutations in South Africa
indicates that populations of this fungus are evolving under the considerable selective pressure exerted by
sulfa-containing antibiotics. These results, similar to previous observations of sulfa drug resistance in bacterial
populations, underscore the importance of the rational use of sulfa medications either prophylactically against
PCP or for the treatment of other infections.

Pneumocystis pneumonia (PCP), a major opportunistic in-
fection in immunocompromised patients, is caused by the fun-
gus Pneumocystis jirovecii. The incidence of PCP, which in-
creased dramatically with the advent of the HIV/AIDS
pandemic, has decreased in the industrialized world owing
to the widespread use of sulfa drug prophylaxis and the
introduction of highly active antiretroviral therapy
(HAART). However, PCP remains an important cause of
morbidity and mortality in HIV/AIDS patients, as well as in
immunocompromised non-HIV-infected patients, in whom its
incidence is increasing (17, 35). In South Africa, which has a
population of 48.5 million, an estimated 5.7 million people
were living with HIV in 2007, and 350,000 deaths were attrib-
uted to AIDS during the same year (20). The South African
government initiated the provision of HAART to the public
sector in April 2004, but prior to that, the HIV epidemic was
largely untreated. By the end of 2006, the rate of HAART
coverage was estimated to be 21% among those needing anti-
retroviral therapy (20). Studies from African countries report
variable incidences of PCP in adult patients with HIV/AIDS

and generally higher rates in children (1, 3, 27, 28, 43, 47, 49).
In South Africa, where a limited number of laboratories offer
testing for P. jirovecii, the vast majority of PCP cases are diag-
nosed clinically and radiologically.

Sulfonamides, usually combined with trimethoprim, as in
trimethoprim-sulfamethoxazole (TMP-SMX), and dapsone
are used for the treatment and prophylaxis of PCP. There are
few alternative drugs for the treatment of this infection.
Sulfonamides inhibit the enzyme dihydropteroate synthase
(DHPS), an essential component of the folate synthesis path-
way (36). In P. jirovecii, two nonsynonymous point mutations in
the fas gene, which encodes the DHPS enzyme, are associated
with prior exposure to sulfa drugs (5, 15, 16, 22, 26, 32), and
concerns have been raised about the possible emergence of
resistance to sulfa drugs (38). These mutations, at nucleotide
positions 165 and 171, cause the amino acid substitutions
Thr55Ala and Pro57Ser in the DHPS protein, respectively.
Point mutations in the DHPS-encoding genes of microorgan-
isms such as Plasmodium falciparum, Staphylococcus aureus,
Mycobacterium leprae, and Escherichia coli have been shown to
confer resistance to sulfonamides (6, 14, 21, 45). As P. jirovecii
cannot yet be cultured, conventional in vitro susceptibility tests
cannot be utilized; therefore, studies of drug resistance in this
organism rely on the use of genetic markers and suitable mod-
els. Functional complementation of either DHPS-disrupted E.
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coli with a mutant P. jirovecii fas gene or FOL1-disrupted
Saccharomyces cerevisiae with the fol1 gene mutated at posi-
tions analogous to positions 165 and 171 in fas results in the
loss of susceptibility to sulfamethoxazole and other sulfa-con-
taining drugs (19, 29).

The prevalence of P. jirovecii DHPS mutations reported
from countries in the developed world ranges widely, from 4%
to 81% (2, 5, 15, 18, 32, 39, 41, 42). In South Africa, a few
studies that screened specimens from limited numbers of
adults and children have reported mostly low mutation rates
(8, 12, 34, 48). Here we present the results of a large labora-
tory-based study aimed at ascertaining the prevalence in South
Africa of P. jirovecii strains harboring mutations at positions
165 and 171 in the fas gene.

MATERIALS AND METHODS

Laboratory setting. The Parasitology Reference Unit of the National Institute
for Communicable Diseases (NICD), in Johannesburg, South Africa, is the
largest recipient of referrals for the microbiological confirmation of P. jirovecii
infection in the country, receiving about 1,000 specimens annually.

Clinical specimens and patient information. Respiratory specimens (n � 932)
from patients with suspected PCP (n � 712) were referred to the NICD from 38
public hospitals and clinics in six provinces of South Africa from January 2006
through February 2007. Data regarding patient age, gender, and hospital loca-
tion were retrospectively extracted from a laboratory information system. The
mean age of the patients was 34 � 13 years, with the age range being 1 month
to 86 years (the ages of 81 patients were unknown). The ratio of females to males
was 1.6:1 (the genders of 18 patients were unknown). The majority of patients
(n � 491/712, 69%) were from Gauteng Province; and the rest were from the
Eastern Cape, Mpumalanga, Free State, Limpopo, and Northern Cape Prov-
inces. The majority of specimens received for the detection of P. jirovecii were
sputa (n � 839/932, 90%). When multiple specimens from the same patient and
PCP episode were provided, only the first P. jirovecii-positive specimen received
in the laboratory was included in the analysis. If more than one specimen was
taken on the same day, the specimen with the higher fungal load was included in
the analysis. Data concerning HIV status and prophylaxis and/or treatment for
PCP were not available for these patients. All procedures followed were in
accordance with the ethical standards of the Human Research Ethics Committee
(Medical) of the University of the Witwatersrand in Johannesburg (protocol no.
M050320).

Specimen processing and laboratory detection of P. jirovecii. Sputum speci-
mens and other specimen types containing mucus were pretreated with 0.1%
dithiothreitol (Sigma-Aldrich, South Africa). After centrifugation, microscopic
slides were prepared with the sediment. The remaining sediment was washed
with phosphate-buffered saline and stored at �70°C prior to DNA extraction.
The slides were stained with a direct fluorescent antibody (for immunofluores-
cence [IF] microscopy) specific for the detection of P. jirovecii cysts (Light
Diagnostics, Millipore, Temecula, CA), according to the manufacturer’s instruc-
tions. A positive IF microscopy result was defined as the presence in a specimen
of at least one cluster of P. jirovecii cysts with the characteristic morphology and
fluorescent immunostaining pattern. An equivocal result was defined as the
presence in a specimen of a cyst that had a suspicious Pneumocystis-like cyst
morphology but that did not meet the criteria for confirmation of a positive
result.

DNA extraction. DNA was extracted from 50 �l of sediment, which was
digested with proteinase K at 56°C for 2 h, prior to automated DNA extraction
with an M48 BioRobot apparatus (Qiagen, Germany), according to the manu-
facturer’s protocol for soft tissue. The purified DNA was eluted in 100 �l of
sterile water and stored at �20°C.

Determination of P. jirovecii DNA load. The amount of P. jirovecii DNA in
specimens was determined by a quantitative real-time PCR (qPCR) targeting the
mitochondrial gene coding for the large ribosomal subunit (mtLSU) of the
fungus. The following primers and probe were used: LSU1 (5�-AAA TAA ATA
ATC AGA CTA TGT GCG ATA AGG-3�), LSU2 (5�-GGG AGC TTT AAT
TAC TGT TCT GGG-3�), and LSUP1 (6-carboxyfluorescein–5�-AGA TAG
TCC AAA GGG AAA C-3�–6-carboxytetramethylrhodamine) (Applied Biosys-
tems, Foster City, CA). The amplification reactions were carried out in a total
volume of 25 �l containing 1� TaqMan universal PCR master mixture, 0.25 �l
of a mixture of primers and probe at 20 �M each, 5 �l of template DNA, and

RNase-free water to complete the volume. Thermal cycling was performed in an
Applied Biosystems GeneAmp PCR system 7900 thermocycler, as follows: 2 min
at 50°C and 10 min at 95°C, followed by 45 cycles of 15 s at 95°C and 1 min at
60°C. Quantification was based on extrapolation from standard curves generated
by amplification of serial dilutions of linearized plasmid pCR2.1 containing the
P. jirovecii DNA fragment defined by primers LSU1 and LSU2.

Analysis of DHPS genotypes. Specimens with �20 target mtLSU gene cop-
ies/�l of extracted DNA were selected for DHPS analysis, as the amplification of
the single-copy DHPS fas gene proved to be less sensitive than the real-time PCR
assay. Primers SMIF1 (5�-CAA ATT AGC GTA TCG AAT GAC C-3�) and
SMIB2 (5�-GCA AAA TTA CAA TCA ACC AAA GTA-3�) were used to
amplify a 1,030-bp region of the DHPS gene. Subsequently, nested primers
SMIF6 (5�-AGC GCC TAC ACA TAT TAT GG-3�) and SMIB7 (5�-GTT CTG
CAA CCT CAG AAC G-3�) were used to amplify a 278-bp region encompassing
polymorphic nucleotide positions 165A/G and 171C/T. PCR amplification was
performed in a Mastercycler gradient apparatus (Eppendorf AG, Hamburg,
Germany) by using the following conditions for the primary PCR: 94°C for 5 min,
followed by 35 cycles at 94°C for 30 s, 55°C for 1 min, and 72°C for 2 min and a
final extension at 72°C for 7 min. The nested PCR conditions were 94°C for 5
min, followed by 35 cycles at 94°C for 30 s, 52°C for 30 s, and 72°C for 1 min and
a final extension at 72°C for 7 min. The PCR products were visualized by gel
electrophoresis on 2% agarose gels. The nested PCR products were sequenced
by using primer SMIF6 and BigDye Terminator chemistry.

Measures taken to prevent contamination of DNA. Different laboratories were
used for the initial processing and immunostaining of the specimens, DNA
extraction, addition of the PCR product to the nested reaction mixture, and gel
electrophoresis. A laboratory free of Pneumocystis DNA was used to prepare all
PCR master mixtures. The DNA was handled in a laminar flow cabinet equipped
with a UV lamp for decontamination. Positive and negative controls were in-
cluded with the DNA extraction process and PCRs.

Data analysis. The DNA sequences were analyzed with BioEdit sequence
alignment editor software (version 7.0.9.0). Statistical analyses were performed
with the Excel program. The chi-square test was used to assess significant (P �
0.05) associations among categorical variables.

RESULTS

During the study period, from January 2006 through Febru-
ary 2007, 932 respiratory specimens from 712 patients (93% of
whom were �15 years of age) with suspected PCP were con-
secutively received for the microbiological confirmation of
PCP at the NICD in Johannesburg, South Africa. IF micros-
copy was positive for P. jirovecii in specimens from 168 (24%)
patients. P. jirovecii DNA was detected in all of the IF micros-
copy-positive specimens from 150 patients that were available
for assessment of the fungal load by qPCR. The quantity of P.
jirovecii DNA measured in the first IF microscopy-positive
specimen from each of these 150 patients is shown in Table 1.
The IF microscopy result was deemed equivocal for specimens
from 14 patients, and 10 of these yielded positive results by
qPCR (Table 1). Specimens from 530 patients were IF micros-
copy negative for P. jirovecii. Quantitative PCR was performed
with a subset of IF microscopy-negative specimens from 191
patients that were arbitrarily chosen throughout the year. P.
jirovecii DNA was detected in IF microscopy-negative speci-
mens from 32 (17%) of these patients and quantified (Table 1).

Amplification of the DHPS gene of P. jirovecii was at-
tempted in 201 specimens from 162 patients with a qPCR
result of �20 target gene copies/�l of extracted DNA. The
DHPS locus was successfully genotyped in a total of 183 spec-
imens from 151 patients. Point mutations resulting in the
Thr55Ala and/or Pro57Ser amino acid substitution were de-
tected in P. jirovecii isolates from 85 (56%) patients (Table 2).
Of these, 36 patients (42%) harbored P. jirovecii isolates with
either the Thr55Ala mutation (19 patients, 22%) or the
Pro57Ser mutation (17 patients, 20%). In specimens from 18
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patients (21%), the presence of P. jirovecii organisms with both
mutations in the DHPS gene could be ascertained. Specimens
from 31 patients (36%) contained mixtures of mutant P. jirove-
cii DHPS genotypes, both with and without the wild-type ge-
notype, which could not be resolved by direct sequencing. P.
jirovecii infections with more than one DHPS genotype were
detected in 69% (59/85) of patients harboring mutant P. jirove-
cii strains. Multiple respiratory specimens collected during the
same PCP episode were available from 23 patients, and strains
in the majority of the specimens (17/23, 74%) presented iden-
tical DHPS genotypes. There were no significant differences in
the frequency of wild-type or mutant DHPS genotypes be-
tween genders (P � 0.39), age groups (P � 0.38), or patients
from distinct geographical locations (P � 0.1).

DISCUSSION

The primary aim of the present study was to assess the
prevalence in South Africa of P. jirovecii strains harboring
DHPS mutations previously shown to be associated with expo-
sure to sulfa or sulfone drugs. The number of specimens and
patients screened makes this study the largest of its kind con-
ducted in the developing world to date. We found that 56% of
patients with PCP were infected with mutant P. jirovecii strains.
This proportion stands in contrast to the lower frequencies
reported from the African continent and other countries out-
side the industrialized world (8, 12, 23, 25, 30, 34, 40, 46, 48).
The risk that P. jirovecii will develop mutations in the DHPS
gene is higher for patients with PCP receiving sulfa drug pro-

phylaxis than for those not receiving it (5, 15, 16, 22, 26, 32, 38).
A general assumption is that the frequency of occurrence of
mutations in the DHPS gene in developing countries is low
due to the less extensive use of sulfa drug prophylaxis
against PCP. Thus, the high frequency of mutations in the
DHPS gene among strains from PCP patients in South Af-
rica would be indicative of a considerable exposure to sulfa
medication used either prophylactically against PCP or for
the treatment of other infections. We regard it as unlikely
that sulfa drug (usually TMP-SMX) prophylaxis for PCP
alone accounts for the high prevalence of mutant P. jirovecii
strains observed in the present investigation. Although in-
formation regarding the HIV infection status of the patients
and the use of prophylaxis was not available for this labo-
ratory-based study, it is well recognized that a large propor-
tion of HIV-positive patients in South Africa are either
unaware of their HIV infection when they present with PCP
or have limited access to prophylaxis. During a large clinical
study in progress at a public hospital in Johannesburg, in-
terim results showed that 58% of adult patients presenting
with PCP were newly diagnosed with HIV infection and that
only 27% of patients with a previously confirmed HIV in-
fection were receiving TMP-SMX prophylaxis (M. Wong,
personal communication). Furthermore, in a survey of
South African primary-level health care services for HIV-
positive children, two-thirds of the public-sector clinics did
not have in place a policy for the administration of PCP
prophylaxis (11).

The widespread use of sulfa drugs, particularly TMP-SMX,
against diseases other than PCP could be contributing to the
selection of P. jirovecii strains carrying mutations in the DHPS
gene. In South Africa, guidelines issued by the Department of
Health have recommended the use of TMP-SMX to treat
urinary tract infections, cholera, and acute otitis media at the

TABLE 2. Pneumocystis jirovecii DHPS genotypes in respiratory
specimens from South African patients

DHPS genotype

Nucleotide at position
(amino acid):

No. of patients
positive/total

no. of patients
(%) (n � 151)165 (55) 171 (57)

Wild type A (Thr) C (Pro) 66/151 (44)

Mutant genotype,
total

85/151 (56)

Single mutation 36/85 (42)
Position 165 (M1) G (Ala) C (Pro) 4/85 (5)
M1 	 wild type G/A (Ala/Thr) C (Pro) 15/85 (18)
Position 171 (M2) A (Thr) T (Ser) 7/85 (8)
M2 	 wild type A (Thr) T/C (Ser/Pro) 10/85 (12)

Double mutation 18/85 (21)
Positions 165 	

171 (M3)
G (Ala) T (Ser) 15/85 (18)

M3 	 M1 G (Ala) T/C (Ser/Pro) 1/85 (1)
M3 	 M2 G/A (Ala/Thr) T (Ser) 2/85 (2)

Mixed genotypesa G/A (Ala/Thr) T/C (Ser/Pro) 31/85 (36)

a Mixed infections in which the presence of mutants with double mutations
and the wild type and/or a mixture of mutants with single mutations could not be
resolved.

TABLE 1. Quantification of P. jirovecii DNA in respiratory
specimens from South African patients with suspected

Pneumocystis pneumonia

Specimen and IF
microscopy result

No. of
patients

No. of patients
qPCR positive

Median (range) P.
jirovecii DNA

quantitya

Sputum
Positive 140 140 3,062 (8–291,894)
Negativeb 173 30 7 (1–499)
Equivocalc 12 10 151 (9–1,549)

Tracheal aspirate
Positive 7 7 1,921 (10–180,498)
Negative 4 1 0.8
Equivocal 1 0

Bronchoalveolar
lavage

Positive 2 2 54,766 (3–109,529)
Negative 3 0

Otherd

Positive 1 1 299
Negative 11 1 4
Equivocal 1 0

a Expressed as the target number of gene copies/�l of extracted DNA. De-
tailed information regarding the handling of specimens and DNA extraction
conditions is provided in Materials and Methods.

b A set of 205 specimens from 191 patients from among the 530 patients with
IF microscopy-negative results was arbitrarily chosen for qPCR analysis.

c Immunofluorescence microscopy was suggestive of P. jirovecii, but the result
was not conclusive.

d Includes two bronchial washings, two nasopharyngeal aspirates, one pleural
fluid specimen, and eight samples of unknown specimen types.
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primary-care level, as well as invasive bacterial infections
caused by Shigella and Salmonella species in hospitalized pa-
tients (37). Indications for HIV-positive individuals, apart
from PCP prophylaxis and treatment, include prophylaxis
against recurrent bacterial infections in children; prophylaxis
against bacterial pneumonia, bacteremia, and isosporiasis in
adults; as well as the prophylaxis and treatment of toxoplas-
mosis. A 2002 report revealed that 26% of primary health care
clinics also administered TMP-SMX for the treatment of acute
respiratory and gastrointestinal tract infections in children
(11), a finding in line with the generalized perception that
sulfa-based drugs are often used in primary care as empirical
treatment for a variety of conditions, including diarrhea and
nonspecific respiratory infections in adults and children. The
extensive usage of TMP-SMX is known to exert considerable
selective pressure on microbial populations and lead to the
development of resistance (4, 9). That this is the situation in
Gauteng Province and other localities of South Africa is also
suggested by the very high rates of TMP-SMX resistance con-
sistently observed in surveillance isolates of pneumococcal and
other bacterial species; for example, rates of TMP-SMX resis-
tance in isolates of Streptococcus pneumoniae, Shigella spp.,
and nontyphoidal salmonellae of over 50%, 83%, and 37%,
respectively, have been reported (13, 44). Sulfadoxine-py-
rimethamine (Fansidar) was used as the first-line treatment for
malaria in South Africa until 2006; while the number of pa-
tients treated (between 1990 and 2006, an average of about
25,000 malaria cases per year) was relatively small in compar-
ison to the burden of HIV-infected individuals, this may have
contributed to selective pressure.

The transmission of P. jirovecii strains is another factor that
may influence the high prevalence of mutant DHPS strains
observed in the present investigation. The airborne transmis-
sion of Pneumocystis spp. from host to host has been demon-
strated in rodent models; and numerous observations, includ-
ing several cases of nosocomial clustering, suggest that direct
or indirect transmission occurs in humans (33). Evidence for
the de novo acquisition of P. jirovecii with mutant DHPS ge-
notypes has been provided by studies that included patients
who had never received sulfa drug prophylaxis for PCP (16,
24). In one of those studies, more than half of the patients
newly diagnosed with HIV infection harbored mutant P. jirove-
cii strains (16). It is possible that the interhuman transmission
of P. jirovecii and the concomitant circulation of DHPS geno-
types in the population are accelerated in localities of South
Africa with a high prevalence of HIV infection and large num-
bers of individuals with some degree of immunosuppression,
from subclinical stages to overt AIDS, who are susceptible to
colonization by the fungus. The widespread empirical use of
TMP-SMX and the rates of increased transmission and circu-
lation of strains/genotypes in the population could explain, at
least in part, the high prevalence of mutant P. jirovecii strains
in settings in which the implementation of PCP prophylaxis is
limited.

A lack of clinical surveillance, the lack of availability of chest
radiographic facilities, and limited laboratory diagnostic capa-
bilities contribute to the scarcity and disparity of information
regarding the burden of disease and the epidemiology of PCP
in African settings. In South Africa, the collection of bron-
choalveolar lavage (BAL) specimens is rare. The few speci-

mens sent for laboratory confirmation are mostly sputa, and
these are often spontaneously expectorated rather than in-
duced with hypertonic saline (7, 10). Although the collection
procedure was not specified for the majority of sputum speci-
men referrals in this study, we estimate that a high proportion
of specimens were spontaneously expectorated. Clinically, it is
accepted that BAL fluid and induced sputum specimens are
superior to spontaneously expectorated sputum for the micro-
scopic diagnosis of PCP, in part because many patients with
PCP have a nonproductive cough and cannot produce an ad-
equate specimen without undergoing sputum induction. While
the proper collection of the respiratory sample is of major
importance for the optimal laboratory diagnosis of PCP, it may
also be crucial for the strain/genotype representativity of the
specimen and the accurate assessment of mixed-genotype in-
fections. In five of a total of six cases with discrepant DHPS
genotypes, we observed large differences (�10-fold) in the
quantity of P. jirovecii DNA measured in specimens from the
same PCP episode caused by strains showing nonidentical
DHPS genotypes. In some of these cases, multiple samples had
been collected within 24 h or less. This suggests that variable
specimen quality, as well as initiation of PCP therapy, may be
a cause of inconsistent results in the genotypic analysis of P.
jirovecii infections.

In South Africa, PCP has been studied more extensively in
children, and P. jirovecii is now recognized as a common patho-
gen in HIV-infected infants (49). In the present study, which
predominantly included specimens from adults, P. jirovecii in-
fection was confirmed by IF microscopy in 24% of patients
with suspected PCP. By quantitative real-time PCR analysis,
we could confirm P. jirovecii carriage in an additional 17% of
patients with a clinical suspicion of PCP and negative IF mi-
croscopy results. The detection of P. jirovecii was also verified
by real-time PCR in specimens from 10 of 14 patients with
equivocal microscopy results. Quantitative real-time PCR per-
formed in a closed system offers the advantages of increased
diagnostic sensitivity and rapidity with a reduced risk of con-
tamination. Quantification of the level of P. jirovecii infection
or colonization can be useful for the monitoring of therapy and
the improved management of patients (31). Although in-
creased diagnostic sensitivity carries a higher risk of clinically
false-positive results, it enhances the chances for the early
detection of biologically true-positive results for individuals
with no or incipient clinical manifestations, something that
could be of critical importance in localities with a high inci-
dence of HIV infection.

This study has certain limitations. Data regarding HIV in-
fection status, the use of sulfa drug prophylaxis or some other
medication, and the outcomes for the patients were not avail-
able. These shortcomings, which preclude further analysis of
possible underlying associations, expose the types of con-
straints that are common for laboratory-based studies. How-
ever, they do not have any bearing on the central issue of
assessing the frequency of DHPS genotypes in P. jirovecii
strains prevalent in the population. Although the study in-
cluded patients from a large number of hospitals in South
Africa, 57% of the patients for whom data on P. jirovecii DHPS
genotypes were available came from two hospitals in Gauteng
Province.

The increased risk that patients receiving sulfa drug prophy-
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laxis carry mutant P. jirovecii DHPS genotypes suggests that
mutations in the fas gene provide a selective advantage so that
subpopulations of the fungus may eventually overcome the
effects of prophylactic doses of TMP-SMX. The clinical signif-
icance of DHPS mutations and, in particular, whether single
polymorphisms or double mutations have differential effects on
the response to higher therapeutic doses are questions not yet
resolved. The appearance of P. jirovecii strains with additional
mutations and significantly higher levels of tolerance to sulfon-
amides and/or sulfones is a possibility that cannot be excluded.
Examples of cumulative mutations leading to increased anti-
biotic resistance have been documented for viruses, bacteria,
and parasitic protozoa.

In summary, the results of the present investigation show
that the frequency of infections with P. jirovecii strains harbor-
ing DHPS mutations is high in adult patients in South Africa.
This finding suggests the existence of considerable antimicro-
bial pressure favoring the establishment in the population of P.
jirovecii strains with reduced sensitivities to sulfa drugs. The
most likely source of this selective pressure is the utilization of
TMP-SMX, both prophylactically against PCP and for the
treatment of other infections. The importance of regular mon-
itoring for DHPS gene polymorphisms and the rational use of
sulfa medications is underscored.
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